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Surface-assisted, laser desorption ionization (SALDI) time-of-flight mass spectra of proteins
and peptides have been obtained from bulk frozen aqueous solutions by adding solid organic
powders to the solutions before freezing. Abundant analyte ions were obtained with a 3.28 mm
Nd:YAG/OPO laser. 20 compounds were evaluated as solid additives, and 16 yielded protein
mass spectra. Successful solids included compounds like pyrene, aspartic acid, and polysty-
rene. The best results were obtained with nicotinic acid and indole-2-carboxylic acid, which
yielded protein mass spectra anywhere on the sample and with every laser shot. Compared
with ultraviolet-matrix-assisted laser desorption ionization on the same instrument, cryo-IR-
SALDI had a comparable detection limit ('1 mM), a lower mass resolution for peptides, and
a higher mass resolution for large proteins. Approximately 2500 cryo-IR-SALDI mass spectra
were obtained from a single spot on a 0.3-mm-thick frozen sample before the metal surface was
reached. About 0.1 nL of frozen solution was desorbed per laser shot. The extent of protein
charging varied between the SALDI solids used. With thymine, myoglobin charge states up to
MH12
112 were observed. It is tentatively concluded that observed ions are preformed in the
frozen sample. (J Am Soc Mass Spectrom 1998, 9, 912–924) © 1998 American Society for
Mass Spectrometry
Matrix-assisted laser desorption ionization massspectrometry (MALDI-MS) is a powerful andwidely used method for the analysis of large
biochemical molecules [1, 2]. In MALDI, the biomol-
ecules are entrained into crystals of a UV-absorbing
matrix by solvent evaporation [3]. Irradiation of the
sample with a short pulse from a UV laser results in the
desorption and ionization of the biomolecules. Together
with electrospray [4], MALDI has revolutionized bio-
chemical mass spectrometry.
The goal of performing laser desorption mass spec-
trometry of biomolecules directly from water solutions
has been pursued over several years for a number of
reasons. (1) Aqueous solutions constitute the native
environment for most biomolecules, and analysis of
biomolecules directly from aqueous solutions would
require a minimum of sample manipulations. (2) A
sample preparation method that uses a water matrix
might work equally well for a wide range of biomol-
ecules. Presently, a number of different matrices are
used in MALDI, and finding the best matrix and sample
preparation method for a given analyte is partly a
matter of trial and error. (3) UV-MALDI is sometimes
troubled with a wide range of sensitivities for compo-
nents in mixtures and widely varying signal intensities
at different spots on the sample surface. A desorption
method with a more uniform and predictable sensitiv-
ity would be extremely useful. (4) An aqueous environ-
ment is usually necessary to maintain the structure of,
and interactions between, most proteins and other
biomolecules (although aqueous glycerol is a fairly mild
solvent). Thus, mass spectra of macromolecules in con-
formations competent to form native intermolecular
complexes, as well as the intact complexes of these
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molecules, are best obtained directly from aqueous
solutions. In MALDI, analytes are subjected to drying in
concentrated, usually acidic, organic matrix solutions
and to the formation of matrix crystals. During this
process, there will be a strong tendency for most
biomolecules to denature, and this may well explain
why the dissociated subunits of complex proteins are
typically seen in MALDI mass spectra. Suitable freezing
protocols are able to maintain the native, functional
conformation of most protein systems [5, 6]. Progress in
desorbing macromolecules from frozen aqueous solu-
tions may lead to methods for the reliable and sensitive
detection of intact subunit proteins and other noncova-
lent complexes by laser desorption mass spectrometry.
(5) If laser desorption could be performed directly from
frozen aqueous solutions, the localized in situ detection
of proteins and other biomolecules from intact frozen
cells and tissues might become possible.
Considering the perceived desirable desorption
properties above, it is unfortunate that it has proven to
be extremely difficult to obtain gas-phase ions of bi-
omolecules by laser desorption from frozen water ice
solutions [7, 8]. This situation also represents a chal-
lenge to our understanding of desorption/ionization
processes.
Presently, UV lasers are almost exclusively used for
MALDI mass spectrometry. Nitrogen lasers at 337 nm
and Nd:YAG laser harmonics at 266 or 355 nm are
common. Water, glycerol, and most organic solvents,
do not absorb at these wavelengths. However, water
and other hydroxylated solvents have strong absorp-
tion bands in the IR, near 3 mm [9]. A number of
publications have appeared that deal with IR laser
desorption mass spectrometry [10–16] and with laser
desorption from water and hydroxylated solvents [10,
17]. Glycerol was used as a matrix in the early work by
Tanaka et al. [17] who obtained protein mass spectra by
using 300 Å diameter cobalt particles to couple the laser
energy into the liquid.
Hillenkamp et al. demonstrated IR-MALDI using a
2.94 mm Q-switched Er:YAG laser with a 150 ns pulse
width [10]. Protein mass spectra were obtained from
several MALDI matrices. However, a spectrum of ly-
sozyme (14 kDa) using a liquid glycerol matrix was also
reported [10]. The authors later obtained very similar
results when using a pulsed 10.6 mm CO2 laser [11]. In
a recent paper, Hillenkamp et al. reported mass spectra
of a range of proteins using glycerol as the matrix [15].
IR-MALDI was reported to have a higher upper mass
limit and a higher mass resolution for large proteins
than UV-MALDI on the same samples [12, 15, 18].
Metastable fragmentation of larger proteins, above
about 20 kDa, was found to much less of a problem with
IR-MALDI [15]. On the other hand, IR-MALDI con-
sumed much more material than UV-MALDI, and only
a few spectra could be obtained from the same spot on
the desorption probe in IR-MALDI [11, 13, 15]. This was
explained by a large neutral yield with an ablation
depth of 0.1 to 0.5 mm in the thin, dry samples em-
ployed. Biemann et al. have also demonstrated applica-
tions of IR-MALDI to dry samples [19, 20], and the
application of a Cr:LiSAF pumped OPO laser to IR-
MALDI was recently demonstrated [21].
The characteristics of liquid water ablation, induced
by high fluence IR laser pulses have been studied (see
[22] and references therein). Several factors, including
changes in the absorption coefficient of water during
the laser pulse [23], the development of shock waves,
and delayed ablation have been shown to be important
to the dynamics of laser-induced ablation of water and
biological materials with a high water content [22, 24].
Of particular relevance to the present work are previous
reports of laser desorption of biomolecules, with and
without mass spectrometry, from frozen aqueous solu-
tions. Williams et al. reported successful desorption of
nucleic acid oligomers by laser ablation from films of
frozen aqueous solutions where the water content had
been reduced by sublimation in vacuum, such that the
film had a total thickness of a few micrometers [7,
25–27]. A visible wavelength laser beam from a tunable
dye laser heated the underlying copper substrate sur-
face. The reproducibility of ionization was, however,
reported to be a problem in these experiments [27, 28].
Becker et al. have demonstrated advantages of adding
photoabsorbing substituted phenols to frozen films
containing DNA [29].
Recently, Hillenkamp et al. demonstrated IR-MALDI
mass spectra of proteins from air-dried films of protein
solutions. In order to retain residual water in the films,
they were frozen before being introduced into the
vacuum [8]. An Er:YAG laser (2.94 mm, 150 ns pulse
length) was used for these experiments. A mass spec-
trum was obtained only with the first laser shot, from
any one single sample spot. Protein spectra had a rather
high mass resolution, in the 300 to 350 range. The upper
mass limit was reported to be 30 kDa, with a higher
mass limit of 70 kDa if TrisHCl, a known IR-MALDI
matrix, was added to the aqueous solution [8]. Protein
spectra were also reported from a hen egg lysozyme
crystal. The authors emphasized that no protein spectra
had been obtained from the bulk frozen, aqueous solu-
tions, despite extensive efforts to vary experimental
conditions [8].
Alimpiev at al. have used CO2 lasers for ablation of
frozen aqueous solutions. They used a tunable UV laser
to ionize desorbed organic molecules by time-delayed,
resonance-enhanced, multiphoton postionization [30–
32]. The method was successful for ultrahigh sensitivity
detection of simple organic molecules, such as aromatic
amino acids and phenol, dissolved in water. However,
the upper mass limit of the method was found to be low
and was limited by fragmentation of the analyte mole-
cules by the UV and IR lasers.
Recently, we introduced the use of carbon powder
suspensions in liquid glycerol as a matrix for laser
desorption ionization at room temperature [33], and we
refer to this method as surface-assisted laser desorption
ionization (SALDI) mass spectrometry. Graphite
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SALDI/MS has been applied also to frozen water
solutions, as reported at a recent conference [34]. Using
the 3.28 mm Nd:YAG/OPO laser, we found that spectra
of organic molecules and peptides were easily and
reliably obtained. However, with carbon powders we
were not successful in obtaining mass spectra of pro-
teins larger than about 20,000 Da. In the present work,
we present a SALDI method that uses suspensions of
organic crystals, instead of the carbon powder, in fro-
zen, aqueous solutions for cryo-IR-SALDI. This cryo-IR-
SALDI/MS method reliably produces intense peptide
and protein ion signals.
Experimental
Experiments were performed on a modified VESTEC
2000, 1.35 m linear time-of-flight mass spectrometer
(Perseptive Biosystems, Framingham, MA). The accel-
eration voltage was 20,000 V, and all spectra were
obtained in positive ion mode. A guide wire along the
center of the flight tube was suspended from a point 6
in. from the beginning of the field-free region to a point
2 in. in front of the ion detector. The guide wire was
normally held at 2120 V. Unless otherwise noted, the
guide wire was used as a low mass gate by switching
the guide-wire voltage to 1120 V for 3.0 ms after the
laser pulse. Time-of-flight mass spectra were recorded
on a Tektronix TDS520 storage oscilloscope and down-
loaded onto a PC for analysis. Internal mass calibration
was used.
The tip of a 1/4 in. stainless steel insertion probe
consisted of a copper rod with a 5.0 mm diameter front
sample loading surface. This surface was flush with the
“sample electrode” surface during desorption. The in-
sertion probe tip made both thermal and electrical
contact with the sample electrode plate, and both were
maintained at the full acceleration voltage. Two addi-
tional electrodes defined the extraction electric field.
The first acceleration electrode had a 1/4 in. central
hole, was positioned 0.5 in. from the sample electrode,
and was maintained at half the full acceleration voltage.
A second acceleration electrode had a 1/4 in. central
hole covered with a fine wire mesh, was positioned 1.0
in. from the sample electrode, and was kept at ground
potential. With a 20,000 V acceleration voltage, the ion
extraction field was 7.9 3 103 V/cm.
The sample electrode was cooled by means of a cold
finger. An electrically insulating BeO ceramic rod was
attached to the sample plate. BeO was used because its
heat conductivity at low temperature is significantly
higher than that of other common electrical insulators
[35]. A copper rod was soldered to a stainless steel
vacuum feedthrough. Inside the vacuum chamber, the
copper rod was connected to a copper holder of the BeO
rod by means of a flexible, braided copper strap.
Outside the vacuum chamber, the copper rod dipped
into a liquid-nitrogen-filled Dewar. One end of a 1/4 in.
diameter aluminum garnet rod was also attached to the
sample electrode, and a thermocouple was glued to the
other end with epoxy. The temperature of the electrode
was monitored with a Fluke 52 digital thermometer
(John Fluke, Palantine, IL). Approximately 45 min after
filling the Dewar with liquid nitrogen, the sample
electrode temperature stabilized at about 2140 °C. A
TV camera (Watec 902, Edmund Scientific, Barrington,
NJ) was aimed through a viewport at the top of the ion
source chamber, and the sample surface was viewed
with 193 magnification on a TV monitor.
The mass spectrometer was equipped with a Nd:
YAG/OPO IR laser with a fixed wavelength of 3.28 mm
(Big Sky Laser, Bozeman, MT). A maximum of about
200 mJ of a 1.064 mm laser pulse from the Nd:YAG laser
(model CFR 400) was used to pump a double-pass, KTP
OPO crystal. The crystal was used in a noncritically
phase matched condition (90° phase matching) to give a
signal beam at 1.57 mm and an idler beam at 3.28 mm. A
dichroic mirror was used to reflect the signal beam out
of the idler beam path. The 3.28 mm IR beam had a pulse
length of 6 ns, and the divergence of the beam was 26
mrad (86.5% energy content) as determined by a central
fraction method (energy through an aperture) in the far
field. The pulse energy was monitored by a calorimeter
(Scientech MA10, Boulder, CO) and was varied from
zero to a maximum of 3.5 mJ, by changing the power to
the Nd:YAG flash lamps. A nitrogen UV laser (Laser
Science Inc., Newton, MA) operating at 337 nm was
used for some experiments.
The IR beam was focused onto the probe tip using a
180 mm focal length CaF2 lens positioned outside a
CaF2 viewport window. The diameter of the IR laser
beam at the lens was 60 mm. The laser beam passed the
window normal to the window surface and hit the
sample at a 60° angle relative to the normal of the probe
surface. The UV beam was focused onto the sample
surface in an identical manner, except that the UV beam
entered the ion source from the opposite side, through
a silica lens and window.
There was a concern that low intensity laser light at
1.57 and 1.064 mm, leaking through the dichroic mirror
in the IR laser path, might contribute to the desorption
process. In control experiments, a Ge plate that absorbs
at both of these wavelengths, but transmits efficiently at
3.28 mm, was inserted into the beam path. No differ-
ences in the mass spectra were observed, with or
without the Ge filter, when compared at the same pulse
energy.
The focal spot size on the probe tip was measured by
the following procedure. When the probe tip was
covered with a fine graphite powder, the luminescence
of the irradiated area was easy to distinguish on the TV
monitor. The focal spot was seen to be ellipsoidal and,
by comparing with the known dimensions of the probe
tip, it was determined that the irradiated surface area
was 0.5 mm2. Correcting for the 60° incidence angle, the
laser beam cross section is found to be 0.25 mm2. With
a typical pulse energy of 3.0 mJ, and correcting for 10%
Fresnel losses in the lens and 10% reflection losses in the
chamber window, the energy fluence (perpendicular to
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the laser beam), I0, is calculated to be 1.0 J/cm
2 and the
irradiance 1.9 3 108 W/cm2 at the focal point. The
energy deposition in the sample closest to the surface
(at a depth that is small relative to 1/e, where e is the
absorption coefficient) is e 3 I0, where I0 is the energy
fluence in the laser pulse. The absorption coefficient for
water ice at 3.28 mm is approximately 2.5 3 103 cm21
[9]. For frozen glycerol, we have measured an absorp-
tion coefficient of 1.5 3 103 cm21. Assuming an actual
absorption coefficient in our samples is 2 3 103 cm21,
we find that energy is deposited in the outermost
surface layer with a density of 2 3 103 J/cm3. The
energy absorbed may be further lowered by reflection
losses in the sample surface and by a decrease in the
water absorption coefficient, at 3.28 mm, during irradi-
ation [22].
The liquid solvent consisted of water and glycerol
(33:67 w/w), unless otherwise noted. This is the eutectic
composition of water and glycerol, and the mixture is
thermodynamically stable as a liquid to 246 °C [36].
Proteins or peptide analytes were dissolved directly
into the solvent at room temperature at concentrations
from 0.5 mM to 1 mM. The sample probe tip was
cleaned with ethanol, and about 4 mL of analyte solu-
tion in glycerol/water were typically deposited on the
probe surface. A small amount of solid powder was
placed on the liquid surface using a spatula, and after a
few seconds, any excess dry powder was blown off the
sample. Some solid powders like nicotinic acid had
good wetting properties and quickly formed evenly
distributed suspensions. Other powders with poor wet-
ting properties, like polystyrene, tended to remain on
the liquid surface. In those cases, suspensions were
formed on the probe tip by stirring the powder into the
solvent with a spatula for up to 1 min. Sufficient
powder was added to give the suspension a slurrylike
appearance. After stirring, the surface of the slurry was
seen to gradually become smooth, but this process was
relatively slow. If too much solid powder was added,
the fluidity of the suspension was lost, and inferior
mass spectra were obtained. If too little powder was
added, reproducibility suffered and ion intensities de-
creased. For nicotinic acid, between 0.3 and 0.5 mg of
powder was added per 1 mL solvent. All chemicals used
in this work were obtained commercially.
Samples of bacteriorhodopsin were prepared by
adding 4 mL of 2-pentanol to 4 mL of a suspension of
purple membranes in the glycerol/water solvent. The
nicotinic acid crystals were then added, and the suspen-
sion was observed to turn yellow. The yellow color
indicated that the protein partially denatured in the
presence of the nicotinic acid crystals, possibly because
the pH decreased to 3.5.
After preparing a suspension, the probe tip was
cooled by immersion into liquid nitrogen. With the
eutectic glycerol/water mixture, this cooling resulted in
the formation of a vitreous phase, with essentially no ice
crystal formation [37]. Immersion of the sample into
liquid propane resulted in much faster cooling, but did
not change the mass spectra when the glycerol/water
eutectic mixture was used. A thin water frost layer was
formed on the cold sample surface as the probe was
transferred from the Dewar, where it was frozen, to the
vacuum lock of the mass spectrometer. Using a 1 Hz
laser repetition rate to obtain single shot mass spectra
on the oscilloscope, it was found that weak protein ion
peaks were observed from the first laser shots. The
protein peaks gradually approached their full intensity
during the first 50 laser shots at 3 mJ.
To avoid the formation of a frost layer, the room
temperature probe tip with the eutectic glycerol/water
sample solution could be inserted into the ion source.
The sample was then cooled in situ upon contact with
the precooled sample electrode. The cooling was still
fast enough (about 1 min to reach 2130 °C) that the
eutectic solution formed a vitreous phase [37]. The
protein mass spectra obtained with in situ cooling were
indistinguishable from the ones obtained by fast cooling
in liquid nitrogen (after ablation of the frost layer).
However, all spectra shown in this paper were obtained
by immersion of the sample in liquid nitrogen. Cooling
below 2100 °C did not significantly change the mass
spectra. All spectra were obtained at 2140 6 5 °C,
unless otherwise noted.
About half of the compounds tested in this work as
cryo-IR-SALDI solids had a low or negligible solubility
in glycerol/water. However, other solids used, such as
nicotinic acid and the amino acids, had a significant
solubility. If all the added crystals dissolved fully, no
mass spectra were obtained from the bulk of the frozen
solutions. Some solids, in particular aspartic acid and
histidine, dissolved quickly. Additional powder typi-
cally had to be added to ensure that some crystals
remained. The dissolution of the soluble solids could be
arrested by quickly freezing the sample. Essentially no
additional dissolution was observed once the suspen-
sions had been cooled to below 240 °C. However, fast
freezing also tended to result in an uneven distribution
of solid particles in the suspension, and this made it
more difficult to obtain high quality mass spectra. A
better alternative was to slow the rate of dissolution by
precooling the probe and the liquid sample solution to
about 0°C prior to adding the soluble powder. There
was then enough time to distribute the solid evenly
throughout the suspension.
Control experiments were performed in which either
the organic solid or the glycerol was eliminated from
the sample. In the absence of organic solids, mass
spectra (of peptides) were only occasionally obtained
from the bulk of the frozen phase, and these rare events
may well have been because of contamination of the
sample by solid particles. In experiments where the
glycerol cryoprotectant was not present, it was neces-
sary to freeze the sample prior to inserting the probe
into the ion source because the high vapor pressure of
water near room temperature led to severe loss of the
water solvent in the vacuum. Mass spectra were ob-
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tained in the absence of glycerol, as described in the
Results and Discussion section.
It is well known that laser desorption mass spectra
can be obtained from metal surfaces [8, 25, 28]. For this
work, it was necessary to verify that the mass spectra
were obtained from the bulk of the frozen suspensions
without involvement of the underlying metal surface.
“Laser drilling” experiments were performed where 4
mL of the glycerol/water nicotinic acid suspension was
first deposited on the probe, and series of laser pulses
were delivered to the same spot close to the center of
the sample where the sample thickness was approxi-
mately 0.30 mm. The copper surface was reached after
about 2500 laser pulses (about 4 min at 10 Hz) with a 3
mJ laser pulse energy. That the copper surface was
indeed reached at this point was clearly revealed by
bursts of intense ion signals due to Na1, K1, and Cu1
that were not seen from the bulk suspension. Thus, the
ablation yield was approximately 0.1 mm per 3.0 mJ
laser pulse, and the volume of frozen solution desorbed
per laser shot was less than 0.1 nL. Unless otherwise
noted, the sample size used in this work was 4 mL, the
laser was focused close to the center of the frozen
sample, and all spectra reported were obtained prior to
2 min irradiation time (at each spot) at 10 Hz. Under
these conditions, the maximum depth of ablation
should be less than 25% of the sample thickness.
Results and Discussion
The goal of this work was to obtain mass spectra of
biomolecules directly from bulk frozen aqueous solu-
tions. In initial experiments, no solid crystals were
added to the analyte solutions in glycerol/water. It was
found that the Nd:YAG/OPO laser beam at 3.28 mm
was efficiently absorbed by frozen water and glycerol/
water solutions, and sample drilling experiments
showed that the ablation yield was about 0.3 mm per 3
mJ laser shot [38]. However, we had little success in
obtaining mass spectra from the bulk of frozen water or
glycerol/water solutions, although peptide mass spec-
tra were occasionally obtained [38]. This is in general
agreement with results of Williams and co-workers [26,
27], Sunner [39], and Hillenkamp and co-workers [8].
Because useful analyte mass spectra were not ob-
tained from bulk, frozen aqueous solutions, we ex-
plored the use of SALDI mass spectrometry [33] to
obtain spectra from frozen water solutions. Suspensions
of graphite (or activated carbon) particles in aqueous
solutions were frozen and irradiated with the 3.28 mm
Nd:YAG/OPO laser. It was found that mass spectra of
organic molecules and peptides were easily and reliably
obtained [34]; however, we were not successful in
obtaining mass spectra of proteins larger than myoglo-
bin. In an effort to overcome this limitation, we ex-
plored the use of organic crystals, instead of carbon
powder, for cryo-IR-SALDI in frozen, aqueous solu-
tions.
Cryo-IR-SALDI Mass Spectra of Peptides
We first present typical cryo-IR-SALDI results for pep-
tides, before discussing results for proteins. For the
mass spectrum of angiotensin II in Figure 1, a suspen-
sion of nicotinic acid crystals was prepared and frozen
as described in the Experimental section. It is seen that
the mass spectrum is dominated by the protonated
peptide peak at m/z 5 1047 and by peaks due to the
SALDI solid. Low-intensity clusters of glycerol with
Na1 and K1 are also sometimes observed.
The mass resolution (m/Dm, FWHM) for the peptide
peak in Figure 1 is approximately 80. The intensity of
the angiotensin peak is low relative to the matrix peaks
in the spectrum in Figure 1. This spectrum was obtained
at a 1.25 mJ laser pulse energy, and the intensity of the
peptide peak was found to increase by about a factor of
10 when the laser pulse energy was increased to the
maximum of 3.5 mJ. However, the mass resolution
decreased somewhat at higher laser pulse energies. By
decreasing the pulse energy below 1 mJ, a mass resolu-
tion of 250 (FWHM) could be achieved. This is similar to
the mass resolution obtained with UV-MALDI on the
same instrument. Using the maximum laser pulse en-
ergy, the detection limit (S/N 5 3) for angiotensin II
was approximately 0.5 mM, or 0.5 pmol for a 1 mL
sample.
A 0.5-mM detection limit corresponds to 0.5 pmol of
peptide in a 1-mL sample size. However, it is easy to use
smaller sample sizes. In room temperature, activated
carbon-UV-SALDI, we found that the minimum
amount of analyte required was lowered by more than
two orders of magnitude by introducing a solvent
concentration step on the probe (similar to solvent
evaporation in MALDI) and by using smaller sample
sizes. These strategies should be possible to also use in
cryo-IR-SALDI. The peptide sample consumption dur-
ing the 100 laser shots used for the spectrum in Figure
2 was about 10 pmol. However, single shot mass spectra
Figure 1. Cryo-IR-SALDI mass spectrum of 0.9 mM angiotensin
II in 67% glycerol in water. Nicotinic acid (1.6 mg) was added to
4 mL of the glycerol/water solution before freezing by immersion
of the copper sample tip in liquid nitrogen. Laser pulse energy
1.25 mJ, average of 100 single shot spectra, and low mass gate off.
N 5 nicotinic acid, A 5 angiotensin II, and G 5 glycerol.
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were obtained with a peptide consumption of approx-
imately 1 fmol.
Figure 2 shows the abundance of protonated nico-
tinic acid and protonated angiotensin II, as a function of
laser pulse energy in a double logarithmic plot. As the
laser pulse energy is increased, the ratio of the abun-
dances of these two ions remains nearly constant up to
1.5-mJ pulse energy, after which the peptide ion abun-
dance is seen to level off more quickly than that of
protonated nicotinic acid. The slope of the straight lines
at lower laser pulse energy in Figure 2 is approximately
9 for both the nicotinic acid and the peptide, which
shows that the ion yields increase as the 9th power of
the laser pulse energy. This is similar to the slope
observed for matrix ions in MALDI [40]. The amount of
nicotinic acid in the sample used for Figure 2 was
approximately 3600 times the amount of the peptide,
whereas the signal abundance ratio is seen to be about
20. Thus, the relative response for the peptide is much
higher than for the SALDI solid.
Comparison Between Different SALDI Solids for
Protein Desorption
We evaluated 20 different organic compounds as
SALDI solids using a 0.5 mM equimolar mixture of
myoglobin and cytochrome c in the eutectic glycerol/
water solution, and the results are summarized in Table
1. Starting at the top of Table 1, the solids evaluated are
ordered from the “best” to the “worst” SALDI solids.
The approximate signal intensities for the protein peaks
are given in the Table, as well as comments on sample
preparation. With practice, protein mass spectra were
obtained with 16 of the 20 solids. We were unsuccessful
with only four of the compounds tested: sodium chlo-
ride, cellulose, carboxy-methyl cellulose, and trypto-
phan.
Figure 3 shows a selection of cryo-IR-SALDI protein
mass spectra, obtained using (a) nicotinic acid, (b)
histidine, (c) xanthine, and (d) polystyrene as the
SALDI solids. The spectra illustrate similarities and
differences observed among cryo-IR-SALDI mass spec-
tra using different solids. Singly and multiply charged
protein peaks dominate the mass spectra. Several pro-
tein/heme and protein/protein clusters, with masses
up to 50,000 Da, are resolved in the nicotinic acid and
histidine-assisted mass spectra. The extent of multiple
charging, and of clustering, is seen to vary between the
SALDI solids.
The majority of SALDI solids tested were aromatic
compounds, see Table 1. Aromaticity may well con-
tribute to a compound being a successful SALDI
solid, but it is not an absolute requirement. For
example, aspartic acid crystals gave cryo-IR-SALDI
mass spectra of myoglobin and cytochrome c, though
the spectra were of lower quality (results not shown).
Also, SALDI solids do not have to be volatile or have
a low molecular weight, as illustrated by the fact that
polystyrene gave cryo-IR-SALDI mass spectra of pro-
teins, Figure 3d.
The best protein mass spectra with respect to sensi-
tivity and mass resolution were obtained with nicotinic
acid, indole-2-carboxylic acid, thymine, and histidine.
The mass resolution, m/Dm (FWHM), of the singly
charged protein peaks at 15–20 kDa was typically about
50, with somewhat higher resolution obtained at the
lowest laser pulse energies. The limit of detection for
myoglobin and cytochrome c was about 5–10 mM,
compared to about 0.5 mM for peptides, at a signal-to-
noise ratio of 3. The higher detection limit for proteins
as compared to peptides is mainly due to the wider
mass peaks for proteins. When peak areas in mass
spectra (plotted versus flight time) were compared, it
was found that the response for the proteins was close
to that for the peptides.
Nicotinic acid was the SALDI solid of choice in this
work. Mass resolution and sensitivity were as good as,
or better than, those obtained with any of the other
solids evaluated. Nicotinic acid, together with indole-2-
carboxylic acid, was unique in that it reliably yielded
protein mass spectra anywhere on the sample and with
every laser shot. In addition, the nicotinic acid powder
wets easily, and the suspensions were easy and quick to
prepare.
UV-Laser Irradiation of Cryo-SALDI Samples
All solids in Table 1 were also tested for their ability to
yield cryo-SALDI mass spectra with the 337 nm nitro-
gen UV laser. In most cases, no ions were observed
when the UV laser was first focused onto a freshly
frozen SALDI suspension, but weak signals because of
ions from the SALDI solid appeared after a few hun-
dred laser shots. For a few solids with unusually large
crystals, such as pyrene, as well as for suspensions with
a concentration of solid that was high enough that the
fluidity of the sample was lost prior to freezing, abun-
dant ions from the SALDI solid were observed from the
beginning of UV irradiation. In these samples, it seems
likely that crystals protruded out of the sample surface.
Figure 2. Abundances, as determined by peak heights, of singly
protonated nicotinic acid (NH1) and singly protonated angioten-
sin II (AH1) ions as a function of laser pulse energy using the same
experimental conditions as in Figure 1.
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In additional experiments, samples were first exposed
to about 200 IR laser shots of 3 mJ each, during which
time protein mass spectra were observed. The shallow
“crater” that resulted from the IR laser ablation could be
clearly seen on the TV monitor. When the nitrogen UV
laser was focused onto this area, ions from the SALDI
solid were observed from the first UV laser shot. These
results indicate that the organic crystals must be ex-
posed on the surface of the sample in order to obtain
ions from cryo-SALDI samples with the UV laser.
Peptide mass peaks were observed in the UV-induced
spectra from the cryo-SALDI samples, but only for one
solid (indole-2-carboxylic acid) was a (very weak) pro-
tein peak obtained and then only at maximum UV laser
power.
Laser “Drilling” Experiments and
Surface Charging
Insights into the analytical potential of cryo-IR-SALDI,
and the mechanisms of ion formation, were obtained
from laser “drilling” experiments on nicotinic acid and
thymine suspensions in frozen glycerol/water. In these
experiments, the IR laser was focused onto the same
sample spot for an extended time. As described in the
Experimental section, the copper substrate was reached
after about 2500 laser shots with 3 mJ of 3.28 mm laser
energy in each pulse when a 4-mL sample was used.
Protein ion signals were obtained during the entire
drilling time. (Remarkably, protein ion signals were
obtained from the bottom of the drilled crater for more
than 30,000 laser shots. These results, which required
the presence of the organic crystals on the metal surface,
will be published elsewhere.)
During the drilling process, it was observed that the
flight time for the ions drifted significantly. For exam-
ple, with an acceleration voltage of 20,000 V, the flight
time for singly charged apomyoglobin ions (16,953 Da)
was 95 to 98 ms at the beginning of drilling. The flight
time gradually decreased during drilling and was 93 ms
as the metal surface was reached. The flight time
calculated from the known length of the flight tube was





Nicotinic acid 5 wets well, fine uniform crystalline powder, rather
soluble, low protein charge states
Indole-2-carboxylic acid 5 wets well, insoluble, high protein charge, lower mass
resolution than nicotinic acid
Histidine 4 wets well, very soluble, reliability of analyte signal
improved by precooling the glycerol/water solvent
before adding crystals
Thymine 3–4 poor wetting, required stirring, slightly soluble,
dendritic crystals, produces high protein charge
states
a-Cyano-4-hydroxy cinnamic acid 2 wets well, almost insoluble, produces high protein
charge states
Pyrene 1 insoluble, large crystals
6-Dimethylaminopurine 1 wets well, slightly soluble
Guanine 1 wets well, almost insoluble
Xanthine 1 wets well, slightly soluble, tendency to produce high
protein charge states
Adenine 1 wets well, slightly soluble
2,3-Dihydroxybenzoic acid 1 poor wetting, required stirring
Sinapinic acid 1 poor wetting, required stirring, insoluble
Polystyrene powder (typical m.w. 4000) 0.5 polystyrene powder was ground by mortar and pestle
to remove trapped air, insoluble, required extensive
stirring
Terepthalic acid 0.5 extensive stirring required, fine powder, insoluble
Diphenylamine 0.5 extensive stirring required, large planar crystals do
not wet, insoluble
Aspartic acid 0.5 wets well, very soluble, reliability of analyte signals
improved by precooling the glycerol/water solvent
before adding crystals
Tryptophan none slightly soluble
Sodium chloride none very soluble
Cellulose none 19-mm particle size, wets well, insoluble
Carboxy-methyl cellulose none insoluble, wets well
aAll 20 compounds were tested with a solution of 0.5-mM cytochrome c and 0.5-mM myoglobin in 67% glycerol in water, at ;3.0 mJ per laser shot.
Other conditions were as described in the Experimental section. Typical intensities represent the average of 100 spectra and are quoted in arbitrary
units.
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also close to 93 ms. The longer ion flight times observed
from the surface of a frozen sample did not vary
significantly with laser power. However, there was a
correlation with the thickness of the sample—the
thicker the original sample, the longer the initial flight
time. These observations cannot be explained by
changes in desorption characteristics, such as a “dry-
ing” of the sample during drilling. We therefore con-
cluded that the unexpectedly long initial flight times
must be because of the sample surface being at potential
lower than that of the metal. This implies that the frozen
surface carried a negative charge. In our experiments,
the potential of the copper probe was 20 kV. The
observed flight times show that the potential of the
surface of the frozen sample, at the onset of drilling,
was in the range of 18 to 19 kV. It is of interest to note
that the charge required to achieve this surface potential
is only about 200 singly charged ions per (mm)2. With a
sample thickness of 0.2 to 0.3 mm, the electric field
strength in the frozen sample is found to be approxi-
mately 5 3 104 V/cm. The upper limit for the electric
field strength may well be determined by the leakage of
charge carriers between the metal surface and the
sample surface.
It is not unreasonable that the sample surface would
become negatively charged early in the laser irradiation
since positive, but not negative, ions leave the surface
during the desorption process. It is also possible that the
ionization gauge, or low-current discharges along insu-
lator surfaces in the high-voltage source, supplies the
gas-phase ions required to charge the frozen sample
surface.
Larger Proteins and Clustering
Mass spectra of small proteins, such as myoglobin and
cytochrome c, are sometimes obtained with methods
that will not yield spectra of larger proteins. Room
temperature carbon-UV-SALDI, for example, was
found to have an upper mass limit of about 20,000 Da
[33]. Thus, the question of what size range of proteins
can be studied using cryo-IR-SALDI is of considerable
interest. Figure 4 shows a nicotinic acid-SALDI mass
spectrum obtained from a solution containing lactic
dehydrogenase (LDH, 0.05 mM) and cytochrome c (at
0.10 mM). LDH is a tetrameric protein with four iden-
tical subunits and a total molecular weight of 146,256
Da. The highest-intensity peak in Figure 4 is that of the
LDH monomer, but complexes containing two, three,
and four subunits are also seen. The question arises
whether the multimeric complexes could be “surviv-
ing” fragments of the intact LDH protein and thus
reflect specific subunit associations. However, the grad-
ual decrease in the intensity of the LDH subunit com-
Figure 3. Cryo-IR-SALDI mass spectra of an equimolar mixture of 0.5 mM myoglobin (M) and
cytochrome c (C) in a 67% glycerol in water solution with different SALDI solids added: (a) Nicotinic
acid, (b) histidine, (c) xanthine, and (d) polystyrene. Each spectrum is an average of 100 single-shot
spectra, and the laser pulse energy was 3.0 mJ.
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plexes with increasing size and the presence of several
low-intensity peaks due to mixed complexes between
LDH subunits and cytochrome c make it more likely
that nonspecific clustering occurred. Other systems
likewise showed extensive molecular complex forma-
tion. For example, series of peaks in nicotinic acid-
SALDI mass spectra of a mixture of 0.5-mM lysozyme
(m.w. 14,300 Da) and 1.1-mM angiotensin in glycerol/
water were due to clusters with up to five lysozyme and
several angiotensin molecules (results not shown). Pro-
teins larger than the LDH subunit can be analyzed by
cryo-IR-SALDI. The nicotinic acid-SALDI mass spec-
trum of bovine serum albumin (BSA) in Figure 5 shows
an intense molecular ion mass peak with a mass reso-
lution of about 50. Smaller peaks are due to doubly
charged BSA and to singly and triply charged BSA
dimers. The weak peak at m/z 5 99.6 kDa is due to a
doubly charged BSA trimer (199 kDa).
For some protein samples, we have observed very
broad peaks because of unresolved distributions of
complexes or clusters. For example, in experiments
where SDS was added to an aqueous solution of ly-
sozyme, a very broad, nearly symmetric peak was
observed (results not shown). The apex of the peak
corresponded to about four SDS molecules per ly-
sozyme molecule. Dissociation of SDS-protein com-
plexes in the ion acceleration region would explain why
peaks, due to the protein complexed with different
numbers of SDS molecules, were not resolved. This
result is in sharp contrast to room temperature graph-
ite-SALDI where protein molecules free of SDS were
obtained even when 5% to 10% SDS had been added to
the sample. In another series of experiments in this
work, cryo-IR-SALDI mass spectra of the integral mem-
brane protein bacteriorhodopsin were obtained directly
from a suspension of purple membrane from Halobac-
terium salarium in glycerol/water. Native purple mem-
branes contain a high concentration of bacteriorhodop-
sin embedded in a lipid bilayer with about 11–13 lipids
per bacteriorhodopsin trimer. In the mass spectra (not
shown), the protein peak was observed to be very
broad, and the width of the peak showed that individ-
ual bacteriorhodopsin molecules were associated with
up to 12 lipid molecules. However, a distinct peak
(m/Dm 5 65) superimposed on the leading edge of the
broad distribution allowed for accurate mass determi-
nation of the protein, free of any lipid. Clearly, cryo-IR-
SALDI is able to desorb proteins from a wide range of
physical environments, but it is not always possible to
fully dissociate proteins from neighboring molecules
using current approaches. There is a need to better
understand the factors that determine internal energy
deposition, such that the extent of cluster dissociation
and the quality of the mass spectra can be optimized for
different types of samples.
Results from Aqueous Solutions with No
Cryoprotectant Added
In this work we have mainly used the eutectic mixture
of 67% glycerol in water as the SALDI solvent. As
described in the Experimental section, this mixture
forms a vitreous (amorphous) phase, even when using
the relatively slow cooling method of immersion of the
sample holder into liquid nitrogen [41]. The eutectic
mixture was used because we initially believed that
suppressing water ice crystal formation was essential.
However, it was found that lower concentrations of the
glycerol cryoprotectant could easily be used. Even with
pure water solvent, the mass spectra were very similar
to those obtained with 67% glycerol in water. Though
not required, the addition of glycerol was very benefi-
cial to suppress sweet-spot formation and to achieve a
uniform sensitivity over the whole sample surface.
When an aqueous sample is cooled in the absence of
cryo-protectant, analytes concentrate in the void vol-
umes (“freeze concentrate”) between the growing crys-
tals of water ice [42]. The resulting concentrated solu-
tion of proteins or other analytes are, in effect, dried by
the formation of pure water crystals. The water content
in the protein concentrate can vary from a few to about
Figure 4. Nicotinic acid cryo-IR-SALDI mass spectrum of 0.05
mM lactic dehydrogenase (L) and 0.10 mM cytochrome c (C) in
water:ethanol:glycerol (25:25:50, v:v:v). The average of 100 single
shot spectra is shown. Essentially the same spectrum was obtained
in the absence of ethanol. Note change in mass scale at 80 kDa.
Figure 5. Nicotinic acid cryo-IR-SALDI mass spectrum of 0.34
mM bovine serum albumin (B, 66,430 Da) in glycerol/water;
average of 100 single-shot spectra.
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40 percent by weight [42]. The freeze concentrate would
seem to be similar to the protein films, air dried on
metal surfaces, from which laser desorption mass spec-
tra of proteins have previously been obtained [7, 8, 26,
27]. It is possible that the desorption processes are
similar, except that metal surfaces were involved in the
previous work and solid organic surfaces are used in
the present work.
Multiple Charging
Multiple charging of proteins is observed in most
cryo-IR-SALDI mass spectra, as illustrated in Figures
3–5. It was found that the extent of multiple charging
varied significantly between different SALDI solids but,
for a given solid, the extent of multiple charging did not
depend on the laser power. For the majority of SALDI
solids tested, singly and doubly charged protein ions
dominated the mass spectra. However, many solids
yielded intense peaks corresponding to protein charge
states of three to five, see for example Figure 3c. Of the
20 SALDI solids in Table 1, thymine, a-cyano-4-hy-
droxy-cinnamic acid, indole-2-carboxylic acid, and xan-
thine yielded protein mass spectra with the highest
charge states. Figure 6 shows a thymine-SALDI mass
spectrum of myoglobin with a charge distribution from
MH1 to MH12
121. The solution had been acidified to pH
4 by adding HCl. The charge distribution shifted from a
maximum of 8 charges without acid addition to 12
charges with added acid.
High protein charge states have previously been
reported in IR-MALDI. For example, a 150 kDa mono-
clonal antibody was observed with up to 13 charges
[10]. In room temperature, carbon-SALDI, we have
observed myoglobin with up to 6 charges. However, the
high charge states observed here for a small 17 kDa
protein seems unprecedented in laser desorption. In-
deed, the high charge states in Figure 6 is approaching
those observed for the native protein in electrospray,
when using an aqueous solution [43], though even
higher charge states, up to 231, are observed in elec-
trospray when the protein is denatured.
Ionization Processes
Tentative conclusions can be made regarding the ion-
ization processes in cryo-IR-SALDI. Because the SALDI
solid is essential in order to produce gas-phase ions, it
might seem reasonable to assume that the high-abun-
dance “SALDI solid ions” (i.e., ions originating from the
SALDI solid) are reagent ions that ionize neutral ana-
lyte molecules in ion/molecule reactions. However, this
does not seem to be the case.
In considering the ionization processes in cryo-IR-
SALDI, it is useful to compare with a better understood
desorption ionization method such as fast atom bom-
bardment (FAB). In FAB, the analyte is homogeneously
mixed with a matrix in a solution. Ionization transfer
occurs from matrix ions to neutral analyte molecules
and, as a result, protonated matrix ions in FAB are
significantly suppressed by the presence of only 1–2
mol % of a higher proton affinity analyte [39]. In SALDI,
the experimental observations are different: Between
two analytes that are both present in the liquid phase in
room-temperature graphite SALDI, ion suppression ef-
fects are significantly stronger than in FAB [33]. In
contrast, we have found that suppression effects in
cryo-IR-SALDI, between ions derived from the solid
compound and ions derived from the frozen solution,
are small. For example, when 20% of the high proton-
affinity compound diethanolamine was added to the
glycerol/water phase, in a suspension with nicotinic
acid, it was found that the nicotinic acid ion signal was
suppressed by only about 50%. This shows that most
nicotinic acid ions experience few collision in the de-
sorption plume with molecules from the frozen phase.
Otherwise, few nicotinic acid ions would have survived
proton transfer to diethanolamine. Thus, there is only
limited mixing between the SALDI solid and the frozen
phase, either in the sample or in the desorption plume.
There is good evidence that analyte ions in cryo-IR-
SALDI are preformed, i.e., already present in the frozen
phase prior to the desorption event. First, the only
possible reagent ions present in the mass spectra are the
ions derived from the SALDI solid. Because of limited
mixing with molecules from the frozen phase, as ex-
plained above, it seems unlikely that these are reagent
ions. Second, in comparing IR- and UV-induced cryo-
IR-SALDI mass spectra, large variations were observed
for the abundances of the SALDI solid ions. For exam-
ple, nicotinic acid ion abundances were two to three
orders of magnitude higher with the IR than with the
UV laser, whereas the abundances of indole-2-carboxy-
lic acid ions were a factor of 2–3 higher with the UV
laser. These large intensity variations were not reflected
in the abundances of analyte and glycerol ions, as
would have been expected had the SALDI solid ions
been the precursors of the ions from the frozen phase.
Third, the most convincing evidence for analyte ions
Figure 6. Thymine cryo-IR-SALDI mass spectrum of 0.1 mM
myoglobin (M) in 67% glycerol in water; HCl was added to give a
pH of 3.5 in the final suspension. Average of 100 spectra. Note
change in mass scale at 10 kDa.
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being preformed in cryo-IR-SALDI comes from the
observation of extensive multiple charging of protein
ions. It is extremely difficult to form ions in charge
states higher than one by gas-phase ion–molecule reac-
tions because of the strong electrostatic repulsion be-
tween a singly charged ion and a reagent ion of the
same charge. Thus, multiply protonated ions must have
been present in the condensed phase prior to the laser
pulse (i.e., “preformed”).
The discussion above leads to a picture of the cryo-
IR-SALDI desorption ionization process where (1) ions
originate both from the SALDI solid phase and from the
frozen phase; (2) there is limited mixing, in the sample
and in the desorption plume, between the molecules of
these two phases; and (3) most analyte ions are pre-
formed.
The conclusion that analyte ions, observed in cryo-
IR-SALDI mass spectra, are preformed in the frozen
phase does not answer the question of why the SALDI
solid is required to observe analyte ions. The crucial
function of the solid may well be to facilitate charge
separation. The observation of highly charged protein
ions in cryo-IR-SALDI requires that the multiply
charged ions, present in solution, be separated from
their counterions. To see why this represents a problem,
we may consider the minimum distance by which a
counterion must be separated from a charged protein,
in order for the applied electric (extraction) field to
overcome the electrostatic, attractive force between the
ions. For the 8000 V/cm ion extraction field, used in this
work, and for a singly charged ion and a singly charged
counterion, the required separation distance in vacuum
is calculated to be 42 nm in the direction of the
extraction field. This minimum distance increases ap-
proximately with the square root of the number of
charges on the protein, and exceeds 100 nm for a
protein with six charges. (In the dense plume, the
dielectric constant is larger than one. However, the
calculation of the minimum separation distance is only
weakly dependent on the dielectric constant, because
both ion/ion attractive forces and the extraction field
are attenuated to nearly the same degree.) Should more
than one multiply charged protein be present nearby in
space, the calculated minimum distances become
larger, approaching 1 mm. It is important to note that
the calculated minimum separation distances are com-
parable to the thickness of the sample layer ablated per
laser shot, 0.1 to 0.3 mm [38]. This calculation shows that
achieving charge separation in the laser-generated de-
sorption plume must be expected to be a significant
barrier to successful ion desorption, particularly for
multiply charged ions. The problem of extracting posi-
tive ions from the frozen sample surface in the present
cryo-IR-SALDI experiments seems even more daunting
when it is considered that the surface carries a signifi-
cant net charge of opposite sign (here negative), as
concluded above. An attractive solution to this problem
would be that the counterions are “immobilized,” i.e.,
they would remain in that part of the sample that is not
ejected into the vacuum. Minimum separation distances
in the sample, prior to laser desorption, could then be
significantly shorter because the expanding dense
plume will exert a viscous force on the positive charges
and this will facilitate charge separation.
One possibility for achieving charge separation in
the sample is that the countercharges are associated
with the SALDI solid surfaces. To explore this possibil-
ity, we will consider thymine and a-cyano-4-hydroxy-
cinnamic acid. Exposed amino groups on thymine crys-
tal surfaces are expected to be partially protonated at
the low pH employed, giving the surfaces a net positive
charge. In contrast, exposed carboxylic groups in
a-cyano-4-hydroxy-cinnamic acid should be partially
deprotonated giving these surfaces a net negative
charge. However, both these solids yielded cryo-IR-
SALDI mass spectra with protein ions in high, positive
charge states. Indeed, we have found no correlation
between pKa values for the SALDI solids and their
tendency to produce protein ions. Also, experiments
using ion exchange chromatography beads as the
SALDI solids were unsuccessful. For these reasons, we
have tentatively concluded that crystal surface charging
is not important to the formation of (multiply charged)
analyte ions.
A second possible explanation for successful charge
separation in the cryo-IR-SALDI sample is that the
crystals might create local electric fields that are signif-
icantly higher than the 8000 V/cm extraction field
applied in our laser desorption ion source. Only charge
separation needs to be accomplished because the de-
sorption process considered here is induced by the laser
pulse and not by the electric field. Therefore, the electric
field strength required is lower than that experienced
by ions desorbed in electrospray ('109 V/cm). Strong,
local electric fields would be created by edges or
needlelike structures in the surface of the frozen sus-
pensions. Scanning electron photomicrographs were
obtained of nicotinic acid, a-cyano-4-hydroxy-cinnamic
acid, and thymine. The micrographs of nicotinic acid
(that yields low charge state mass spectra) were domi-
nated by rounded shapes, with smallest structural fea-
tures having dimensions of about 1 mm. The images of
the thymine and a-cyano-4-hydroxy-cinnamic acid
samples, solids known to yield high charge state mass
spectra, were very different. Both samples had surfaces
with complicated morphology that included extensive
structural features such as tips and edges with charac-
teristic dimensions smaller than 100 nm.
To achieve charge separation in local, high electric
fields in the SALDI sample surface, it is not sufficient
that structural features are small. It is also required that
a sharp edge or a fine tip of the solid is protruding out
of the sample surface. We were not able to study frozen
samples with the scanning electron microscope; how-
ever, it seems likely that such protrusions are formed on
the surface of a frozen SALDI suspension as the aque-
ous phase between SALDI crystals is efficiently ablated
by the IR laser. Charge separation would be achieved
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also on larger structures with characteristic radii of the
order of 1 mm or larger, such as those seen in nicotinic
acid. However, the calculated charge density on a
protruding tip varies inversely with the radius of the
tip. The significance of the sharper structural features in
the solid is then that the charge density that can be
maintained is large enough to support multiply
charged protein ions.
In cryo-IR-SALDI, singly charged analyte ions are
likely to be produced by the same process as multiply
charged analyte ions. The reason is that if singly
charged analyte (protein) ions were formed by a differ-
ent process, one should find two intensity maxima in
the protein charge distributions, one for singly charged
ions and one for multiply charged ions. Instead, a single
maximum was always observed, see for example Figure
6.
Following the discussion above, we propose that the
formation of singly as well as multiply charged analyte
ions in cryo-IR-SALDI involves charge separation, prior
to desorption, in high, local electric fields on the points
or edges of the organic crystals, followed by IR-induced
desorption of the preformed ions. These desorption
conditions are reminiscent of those in laser-enhanced
field desorption. Buttrill et al. [44] reported pulsed laser
desorption experiments using the Nd:YAG laser funda-
mental at 1.06 mm and a time-of-flight mass spectrom-
eter. However, mass spectra were obtained only of
small ions [44].
As discussed above, efforts to obtain ions of biomol-
ecules from frozen water solutions (in the absence of
solid surfaces) have largely been unsuccessful. If cryo-
IR-SALDI analyte ions are preformed in the frozen
solvent phase, as argued above, the question arises as to
why the solid organic surfaces are required in order to
observe them. The reason may be that the organic
crystals are required to achieve charge separation, as
discussed above. However, it may well be that ion
desorption from bulk water ice is prevented also by
very fast evaporative cooling or by the difficulty of
depositing a sufficient energy density to achieve disin-
tegration into mainly monomolecular species [45]. The
presence of the organic crystals can have an effect on
either of these potential problems.
Conclusions
This work demonstrates a technique that reliably pro-
duces laser desorption mass spectra of proteins and
peptides from frozen aqueous solutions using an IR
laser. Desorption/ionization from the aqueous phase is
made possible by the presence of organic crystals,
added prior to freezing the solution. The analytical
figures of merit for the new technique, referred to as
cryo-IR-SALDI, are promising: A uniform sample prep-
aration method can be used, and the upper mass limit is
high; ions with masses beyond 105 Da were observed in
this work. Mass spectra have been obtained with a
sample consumption of about 1 fmol of peptide or 10
fmol of protein. Compared with UV-MALDI on the
same instrument, the mass resolution for peptides was
lower, and the mass resolution for proteins slightly
higher. Significant future improvements to cryo-IR-
SALDI seem possible. Higher mass resolution should be
obtained on time-of-flight mass spectrometers with a
more modern design, for example incorporating reflec-
trons and delayed ion extraction [46, 47] and by solving
the problem of surface charging in frozen samples.
Improved mass resolution should also further increase
sensitivity. Future investigations to more fully charac-
terize matrix effects, such as the sensitivity towards
electrolytes and detergents, and to determine typical
minimum amounts of “real-world” samples will better
define the analytical utility of cryo-IR-SALDI.
Cryo-IR-SALDI points to novel approaches in laser
desorption ionization. There is extensive contact be-
tween the organic crystal surfaces and protein analytes
in the suspensions used in the present work. This will
tend to denature proteins and make it impossible the
detect intact subunit proteins and noncovalent com-
plexes. However, it may well be possible to “engineer”
the cryo-IR-SALDI surfaces in order to optimize the
desorption/ionization process. One can envisage, for
example, maneuverable probes that have tips with such
“designed” SALDI surfaces. Such probes would allow
for the aqueous solution, before and after freezing, to be
physically separated from the SALDI surfaces until the
point of desorption. The chances of being able to
reliably detect noncovalent complexes of biomolecules,
that preexist in solution, would thus be maximized.
Such probes would also allow for the interaction be-
tween the SALDI surfaces and the frozen aqueous
phase to be spatially controlled. This, in turn, might
allow for new types of ion microscopy, as well as in situ
detection of biomolecules in tissues.
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